Abstract-Locomotor training with a treadmill and harness support is a promising, task-oriented approach to restoring gait function in individuals with poststroke hemiparesis. However, a scientific basis for the proper selection of training parameters is lacking. Considerable latitude exists in the application of locomotor training, and training protocols vary widely between experimenters and clinical settings. Recent studies indicate that the prescription of certain parameters, including body-weight support (BWS) and treadmill speed, can affect treatment outcome in hemiparetic individuals. As an initial step toward developing a basis for selection of parameters, we reviewed the literature for studies that quantified the immediate (i.e., within session) biomechanical effects of adjusting BWS, treadmill speed, support stiffness, and handrail hold during treadmill walking in hemiparetic and nondisabled subjects. We then summarized results from personal investigations of these parameters. Based on the currently available evidence, we discuss the scientific rationale for selecting certain training parameters for individuals with poststroke hemiparesis and outline future directions for research.
INTRODUCTION
More than three-quarters of a million Americans suffer a first-ever stroke each year, and the survivor cohort now approaches three million persons [1] . Following stroke, many individuals are left with neurological and functional deficits, including hemiparesis, which impair their ability to walk. Approximately two-thirds of acute hospitalized stroke patients cannot walk independently at admission [2] . Of those who recover the ability to walk during acute rehabilitation, many are still handicapped by slow walking speed and limited endurance. These impairments restrict their independent mobility and autonomy and severely impact their quality of life.
Locomotor training with a treadmill and harness support is a promising, task-oriented approach to restoring gait function in individuals with poststroke hemiparesis [3] [4] [5] . During locomotor training, hemiparetic individuals exhibit a more symmetrical gait [6] [7] [8] , with more normal kinematics and timing of muscle activity [7] . One or more therapists typically provide manual assistance to guide the trunk and legs through a normal gait trajectory. Improvements in functional locomotor ability, as reflected by increased ambulatory status or overground walking speed, have been demonstrated after locomotor training in individuals in both the subacute and chronic stages of hemiparesis [3] [4] [5] [9] [10] . However, no objective basis currently exists for the proper selection of locomotor training parameters for hemiparetic persons following stroke.
Considerable variability exists in the current application of poststroke locomotor training. This variability, along with emerging evidence that the selection of training parameters can affect treatment outcomes [4] [5] 10] , strongly indicates that a scientific basis for the proper selection of locomotor training parameters is overdue. Ultimately, we need to address the entire ensemble of factors that can affect the locomotor training paradigm, including immediate biomechanical effects, key elements of the perceptual environment, cognition, and physiological adaptations to training intensity and duration (heart and respiratory rate, etc.).
In this focused review, we summarize the current approaches taken by experimenters in prescribing locomotor training parameters for persons with poststroke hemiparesis. Next, as an initial step toward developing a scientific basis for parameter selection, we reviewed the literature for studies that quantified the immediate (i.e., within session) biomechanical effects of adjusting bodyweight support (BWS), speed, support stiffness, and handrail hold during treadmill walking in both hemiparetic and nondisabled subjects. We then follow with results from personal investigations of these parameters. Finally, based on the currently available evidence, we discuss the scientific rationale for selecting certain training parameters for individuals with poststroke hemiparesis and outline future directions for research.
CURRENT APPROACHES IN PRESCRIBING LOCOMOTOR TRAINING PARAMETERS
Investigators have taken various approaches in the prescription of BWS during locomotor training in hemiparetic individuals ( Table 1) . Based on clinical experience, many investigators prescribed an initial level of 30 to 40 percent BWS and reduced this level as subjects improved their ability to bear weight on the paretic limb [3] [4] [11] [12] . Visintin et al. selected the initial level of support by observing subjects while they walked at 10, 20, 30, and 40 percent BWS and selecting the percentage that facilitated proper trunk and limb alignment [5] . Some investigators trained hemiparetic subjects without BWS [9, 13] or provided support only during the first few sessions [10] .
As is the case with BWS, considerable variability exists in the prescription of treadmill speed during training ( Table 1) . Hesse et al. deliberately limited treadmill speed to permit longer training sessions and facilitate manual gait corrections [3] . Similarly, Werner et al. set slow target velocities to avoid overexertion [14] . Other investigators challenged subjects with faster treadmill speeds and increased these speeds as subjects' walking abilities improved [5, [10] [11] [12] [13] 15] . Da Cunha et al. increased treadmill speed when a specified step length could be taken at a higher speed [11] , while Pohl et al. increased speed when subjects could walk 10 s without stumbling at the slower speed [10] . Alternatively, Silver et al. advanced speed such that subjects trained at 60 to 70 percent of their maximum heart rate reserve [13] .
Moreover, studies of locomotor training in persons with poststroke hemiparesis have varied in their method of BWS, use of handrail hold, application of manual assistance, and frequency and duration of training sessions ( Table 1) . Some researchers used more compliant BWS systems, which permitted modest trunk motion during walking and maintained a stable support force [3] [4] 15] . Others used stiffer systems, which constrained trunk motion and unweighted subjects by lifting them higher relative to the treadmill surface [5, 12] . Most researchers provided subjects with a handrail hold during training [4-5, 9,12-13,15] and manual assistance by one or two therapists as needed [3] [4] [5] 12, [14] [15] . However, the relative importance of these two parameters is not well understood. Training duration has been highly variable, ranging from 3 to 9 weeks; session length and frequency have ranged from 4 to 45 minutes a day, 3 to 5 days a week [3] [4] [5] [9] [10] [11] [12] [13] [14] [15] .
EVIDENCE THAT LOCOMOTOR TRAINING PARAMETERS AFFECT TREATMENT OUTCOME
Recent studies indicate that the prescription of certain parameters, specifically BWS and treadmill speed, can affect treatment outcome in hemiparetic individuals [4] [5] 10] . Visintin et al. studied 100 hemiparetic subjects and found locomotor training with BWS to be more effective than training without support for motor recovery measures (i.e., lower-limb portion of the Stroke Rehabilitation Assessment of Movement [16] ), functional balance (i.e., Balance Scale [17] ), overground walking speed, and walking endurance [5] . Pohl et al. [10] and Sullivan et al. [4] found locomotor training to be more effective for groups that trained at faster speeds. Both studies examined overground walking speed as the outcome measure [4, 10] . Pohl et al. also examined cadence, stride length, and Functional Ambulation Category [10] . Taken together, this emerging evidence that the selection of training parameters can affect treatment outcome [4] [5] 10] motivates investigation of a scientific basis for the proper selection of locomotor training parameters.
BIOMECHANICAL EFFECTS OF TRAINING PARAMETER ADJUSTMENT
As an initial step toward developing a scientific basis for selection of locomotor training parameters, we focus the remainder of this review on the body of literature that quantified the immediate (i.e., within session) biomechanical effects of adjusting BWS, speed, support stiffness, and handrail hold during treadmill walking in hemiparetic and nondisabled subjects.
Treadmill Versus Overground Walking
Even without harness support, hemiparetic persons have a more symmetrical gait during treadmill walking than during overground walking [7] [8] 18] (Table 2) . Most notably, paretic single-limb support time is increased (by 7.5% [7] to 11.2% [18] ). This increase in single-limb support time may be an important aspect of the training paradigm, since it more greatly challenges subjects' equilibrium reflexes and ability to tolerate and control weight-bearing on the paretic limb [7] [8] [18] [19] .
In a study where hemiparetic subjects were not provided a handrail hold during treadmill walking, Bayat et al. observed that both comfortable and maximum walking speeds on the treadmill were significantly lower than during overground walking [20] . The importance of handrail hold to locomotor training, especially when harness support is not provided, remains poorly understood.
Effect of Body-Weight Support
The level of BWS during treadmill walking has been observed to affect gait kinematics and temporal-distance measures in hemiparetic [6] [7] [8] and nondisabled subjects [21] ( Table 2) . In hemiparetic subjects, Hesse et al. observed that single-limb support time for the paretic limb, and to a lesser extent for the nonparetic limb, increased (from 45%-76% of total stance time [6] ) as a function of increased BWS, which resulted in improved symmetry in single-limb support time [6] [7] . Hassid et al. observed that symmetry in single-limb support time appeared to improve most consistently at 15 to 30 percent BWS [8] . However, because of the small sample size of the study, the latter results were not statistically significant [8] .
With increased BWS, Hesse et al. also observed more upright walking postures in hemiparetic subjects, including increased hip and knee extension during stance [6] . At support up to 45 percent of body weight, joint angular displacement profiles improved toward normal and were accompanied by an increase in plantigrade weight acceptance [6] . However, when BWS reached 60 percent, subjects tended to walk on their toes, particularly with their nonparetic limb [6] . Also, hip and knee flexion during swing and activity of the antigravity muscles during stance decreased at higher levels of BWS [6] . As a result, these investigators advised against BWS levels greater than 30 percent [6] .
Effect of Treadmill Speed
The immediate gait response to changes in treadmill speed in hemiparetic subjects has been studied by multiple investigators [8, 22] . In a small sample of subjects, Hassid et al. observed that moderate increases in treadmill speed did not affect symmetry in either weight supported by or time spent on each limb during single-limb support [8] . Thus, they proposed the appropriateness of faster treadmill speeds, within the subjects' capabilities, to train subjects to independently walk overground at maximum possible speeds [8] . Hesse et al. observed cadence (r = 0.75), stride length (r = 0.78), heart rate (r = 0.54), and mean muscular activities of the lower-limb muscles (tibialis anterior, r = 0.12; gastrocnemius, r = 0.37; vastus lateralis, r = 0.19; rectus femoris, r = 0.31; and biceps femoris, r = 0.45) to correlate positively with treadmill speed [22] . Moreover, energy (r = -0.67) and cardiac costs (r = -0.55) were observed to correlate negatively with speed, which indicated improved metabolic efficiency at faster speeds [22] . Thus, these investigators concluded that hemiparetic subjects should be challenged to walk fast on the treadmill to activate the relevant weight-bearing muscles and improve locomotor efficiency [22] .
Effect of Support System and Stiffness
Gordon et al. observed that the characteristics of the BWS system can affect vertical movement of the pelvis and ground reaction forces (GRF) during treadmill walking ( Table 2 ) [23] . The subjects, two nondisabled individuals and two persons with spinal cord injury, walked at a range of speeds (0.54-1.34 m/s) while BWS was provided by either a rigid cable or a compliant pneumatic cylinder [23] . Because the subjects with spinal cord injury could not walk independently on the treadmill, they were provided with manual assistance [23] . The rigid support was observed to restrict vertical pelvic movement and reduce peaks in the vertical GRF at heel strike and toe-off [23] . In contrast, the compliant pneumatic support allowed vertical pelvic movement similar to that observed in overground locomotion [23] . However, peaks in vertical GRF at heel strike were exaggerated relative to those observed at toe-off [23] . Since support forces still fluctuated with trunk motion, the abnormal vertical GRF profile may have been due to viscosity in the pneumatic system, [23] . Indeed, when one of the nondisabled subjects repeated the experiment while supported by the pneumatic cylinder with additional force regulation, vertical GRFs were observed to be more comparable with those observed during overground locomotion adjusted for BWS [23] . On the basis of these observations, the investigators concluded that the characteristics of the BWS system used during locomotor training affect both vertical center of mass movement and GRF profiles. These variables influence motor output, since they reflect the loading experienced during training, which is known to modulate proprioceptive influences during locomotion [23] .
Effect of Handrail Hold
The specific effect of handrail hold during treadmill walking has not been examined. However, the majority of the reviewed studies on persons with poststroke hemiparesis ( Table 2 ) provided a handrail hold to subjects [6] [7] [8] 18, 22] . Most notably, the three studies that compared the gait of hemiparetic subjects during overground and treadmill walking without harness support [7] [8] 18] provided subjects a handrail hold during treadmill walking. In these studies, gait symmetry and single-limb support time in the paretic limb were greater during treadmill walking.
However, whether these reported differences were related to mechanical/perceptual differences between treadmill and overground walking or the addition of handrail hold during treadmill walking is unclear.
Effects of Training Parameter Adjustment
We conducted a pilot study to systematically test the biomechanical effects of adjusting BWS, speed, support stiffness, and handrail hold during treadmill walking in hemiparetic subjects. Detailed methodology and results were presented in Chen et al. and are summarized here [24] . Three-dimensional bilateral kinematic and insole pressure data were collected while hemiparetic subjects walked on a treadmill with different combinations of locomotor training parameters. We examined the effects of support stiffness using a custom-designed support frame [25] , which allowed stiffness to be adjusted in known increments with minimal frictional and viscous contributions to the support force. The effects of handrail hold were isolated by having subjects walk with and without handrail hold during treadmill walking with and without harness support. By comparing gait characteristics of hemiparetic and nondisabled subjects at matched treadmill speeds, we identified gait deviations consistently associated with hemiparesis independent of the slow walking speeds typically observed in hemiparetic subjects [26] . Changes in these gait deviations were subsequently assessed during treadmill walking as training parameters were systematically adjusted [24] .
Specific gait deviations associated with hemiparesis were normalized during treadmill walking with increased BWS, treadmill speed, and support stiffness and the addition of handrail hold. In the hemiparetic subjects, leg kinetic energy (KE) at toe-off in the nonparetic limb was exaggerated relative to side-matched limbs in nondisabled control subjects (Figure 1(a) , dashed vs solid line), which resulted in reduced swing time in the nonparetic limb (Figure 1(b) , dashed vs solid line) consistent with weakness or poor balance during single-limb support on the paretic limb [26] . With increased BWS (from 0% -50%), the exaggerated leg KE at toe-off in the nonparetic limb was reduced (-37%) and nonparetic limb swing time increased (+52%) (Figure 1(a)-(b) ), which resulted in increased single-limb support time on the paretic limb [24] .
In the hemiparetic subjects, leg KE at toe-off in the paretic limb was reduced relative to nondisabled control subjects (Figure 1(c), dashed vs solid line) , a finding consistent with inadequate leg propulsion by the plantar flexors [26] . Inadequate paretic limb propulsion during preswing may limit how fast the limb is able to advance during swing, with consequent effects on gait speed. With increased treadmill speed (from 70%-130% of the subject's comfortable speed), leg KE at toe-off in the paretic limb was increased (+230%) (Figure 1(c) ) [24] . Increased leg KE elicited by training at faster treadmill speeds could be important, both for achieving faster overground walking speeds and for improving swing initiation and knee flexion at slower speeds.
In the hemiparetic subjects, the energy cost associated with raising the trunk during preswing and swing of the paretic limb was exaggerated (Figure 1(d) , dashed vs solid line) [26] . This finding is consistent with pelvic hiking for compensation of reduced knee flexion during swing in the paretic limb. With increased support stiffness (from 11.7 N/cm to a rigid support), the exaggerated energy cost associated with raising the trunk was reduced (-40%) (Figure 1(d) ) [24] . Restoration of normal displacements of the trunk has been stressed in locomotor training, because it strongly affects the sensory experience that is believed to be critical for achieving optimal training results [23, 27] . Moreover, exaggerated displacements of the trunk during walking in hemiparetic individuals contribute to increased mechanical energetic cost [28] .
Similar to changes observed with BWS, the addition of a handrail hold increased single-limb support time in the paretic limb. Across the conditions of treadmill walking with handrail hold, harness support, and combined harness support and handrail hold, leg KE at toe-off in the nonparetic limb was reduced (-24%) and swing time increased (+40%) (Figure 2) , which resulted in increased single-limb support time on the paretic limb [24] . Based on these findings, handrail hold appears to normalize multiple gait parameters during treadmill walking in hemiparetic individuals. Indeed, when less impaired individuals are being trained, handrail hold may be a reasonable alternative to harness support.
Other gait deviations observed in hemiparetic subjects included reduced peak knee flexion during swing and increased swing time in the paretic limb [26] . These deviations were not normalized with the adjustment of any of the locomotor training parameters considered in this review [24] , which strongly suggests that manual assistance or other facilitatory approaches (e.g., functional electrical stimulation or robotic gait orthoses) are necessary augmentations to the treadmill and BWS parameters to address gait deviations associated with the swing phase of the paretic limb.
DISCUSSION
The immediate biomechanical effects of adjusting BWS, speed, support stiffness, and handrail hold during treadmill walking in hemiparetic and nondisabled subjects provide a basis for selection of locomotor training parameters for persons with poststroke hemiparesis. Most of the reviewed studies advocated parameter settings that resulted in the normalization of temporal [6] [7] [8] 18, [21] [22] 24] , kinematic [6, [22] [23] [24] 29] , kinetic [8, 23] , or energetic gait deviations [24] during treadmill walking. Selection of such criteria is consistent with the clinical use of perceived improvements in gait patterns for guiding the adjustment of parameters during locomotor training and the facilitation of relevant task practice for promotion of skill acquisition [30] [31] . It is argued that practice and reinforcement of a more normal gait pattern optimize the sensory inputs that are important in facilitating spinal and supraspinal locomotor networks [32] and maximizing the effectiveness of locomotor training. Moreover, walking with a more normal gait pattern, such as with increased single-limb support time, can increase the functional demands on the paretic limb, which may also contribute to positive treatment outcome [7, 18] .
Recommendations Based on Current Literature
The current literature supports the use of adequate weight support (e.g., 35%-50%) during locomotor training in hemiparetic subjects. Both our investigations [24] and studies by Hesse et al. [6] [7] found that single-limb support time in the paretic limb increased with BWS, which can contribute positively to treatment outcome. As a function of increased BWS, Hesse et al. also observed that hip and knee extension were increased during stance and hip and knee flexion were reduced during swing [6] . However, these findings were not replicated in our study, an outcome that may have occurred for two important methodological reasons [24] . First, the default stiffness of the harness support used in our study (35. 1 N/cm) [24] might have been less than the stiffness in the system used by Hesse et al. [6] . Stiffer BWS systems have been observed to lift subjects higher with increased support [21] , which would reduce hip and knee flexion during walking. Second, the joint angles in our study [24] were assessed with a three-dimensional motion capture system, while the angles reported in Hesse et al. [6] were qualitatively assessed from monitor screens during videotape playback. Nevertheless, the significance of these kinematic changes at the hip and knee during walking [6] , if they exist, is not clear. Increased hip and knee extension during stance can be regarded as a positive outcome. However, reduced hip and knee flexion during swing would not be desirable, since hemiparetic subjects exhibit reduced peak knee flexion during swing on their paretic side [26] .
The current literature also supports the use of faster treadmill speeds that challenge the locomotor abilities of individuals with hemiparesis. With increased treadmill speed, we observed that leg KE at toe-off increased in the paretic limb [24] . This increase in leg energy at higher speeds was likely mediated by increased propulsion by the plantar flexors and/or hip flexors during preswing [33] [34] [35] . Consistent with this premise, Hesse et al. observed that electromyographic activities of gastrocnemius and other lower-limb muscles correlated positively with treadmill speed in hemiparetic subjects [22] . Also supporting the use of faster treadmill speeds, Hesse et al. observed that hemiparetic subjects exhibited greater metabolic efficiency while walking at faster treadmill speeds [22] . Moreover, both our personal investigations [24] and those of Hassid et al. [8] found that treadmill speed did not adversely affect symmetry in single-limb support time.
A biomechanical rationale exists for the use of a stiffer BWS system during training of individuals with hemiparesis. With increased support stiffness, we observed that the exaggerated energy cost associated with raising the trunk during preswing and swing of the paretic limb was reduced during treadmill walking [24] and, therefore, recommend the use of a stiffer support system during training of hemiparetic subjects. Similarly, Gordon et al. observed that a stiff BWS system reduced vertical movement of the pelvis in spinal-cord-injured and nondisabled subjects during treadmill walking [23] . However, their interpretations implied that a compliant support allowed for more natural displacements of the center of mass [23] . One study difference that may have resulted in our differing interpretations is that we compared our data with those of control subjects walking at slow speeds [24] , where vertical trunk displacements are relatively small because of the subjects' short stride lengths, while Gordon et al. compared their data with control subjects who walked at fast speeds, where trunk displacements are larger [23] . Moreover, our study examined hemiparetic subjects and found their gaits to be characterized by exaggerated rises and falls in trunk height during the gait cycle [24] . Thus, a reduction in these exaggerated displacements normalized the overall motion profile of the trunk [24] . Further research is needed to determine whether a more compliant BWS system is warranted when hemiparetic subjects train at faster speeds, where, even in nondisabled subjects, trunk displacements are necessarily larger.
Our recent work supports the use of a handrail hold to normalize the gait pattern practiced by hemiparetic individuals during locomotor training [24] . We observed that the addition of handrail hold during harness-supported or unsupported treadmill walking increased single-limb support time in the paretic limb [24] . Previous studies on treadmill walking in persons with poststroke hemiparesis have neglected the potential effect of handrail hold [6] [7] [8] 18, 22] . Importantly, all the studies that reported improved gait symmetry and increased single-limb support time in the paretic limb during unsupported treadmill walking provided a handrail hold to the subjects [7] [8] 18] . Therefore, some, or all, of the positive gait changes observed in these studies may have been related to handrail hold and not treadmill walking per se. Moreover, since both handrail hold and BWS have similar effects in increasing single-limb support time of the paretic limb [24] , treadmill training with handrail hold may be a reasonable alternative to training with harness support, especially in less impaired individuals.
Unresolved Issues with Improving Paretic Limb Swing Phase Kinematics
Augmentations to the treadmill and body support parameters appear to be necessary to address swing phase gait deviations in the paretic limb. In hemiparetic subjects who were able to advance their limbs independently, we observed that deviations in swing time and peak knee flexion during swing in the paretic limb were not normalized with the adjustment of BWS, speed, support stiffness, or handrail hold [24] . Thus, we recommend manual assistance or other facilitatory techniques to ensure proper kinematics of the paretic limb during swing. Manual assistance is commonly provided to hemiparetic individuals who cannot walk independently on the treadmill [4] [5] 19] , and its necessity greatly increases the physical demand on the therapists who apply the training. Several investigators are currently developing robotic gait orthoses to augment the locomotor training paradigm so that even severely impaired subjects can practice a gaitlike movement pattern [27, [36] [37] . Moreover, such devices promise to deliver more repeatable therapy and can provide additional kinematic and kinetic measurements during training to help guide the selection of parameters [36] . Further investigations are necessary to determine the biomechanical differences between locomotor training with and without robotic assistance.
CONCLUSIONS
As the rehabilitation potential of locomotor training is more extensively studied in hemiparetic individuals, a scientific basis for the proper selection of training parameters is needed. Currently, training protocols vary widely between experimenters and clinical settings. In a recent review that assessed the effectiveness of locomotor training in the treatment of walking after stroke [38] , Moseley et al. found no statistical differences between locomotor training with or without BWS and other gait interventions for the clinical outcomes of walking speed or walking dependence [38] . However, their evaluation of the literature was based on a collection of studies that were markedly heterogeneous in terms of both clinical population and locomotor training prescription [38] , which clearly affected their ability to consolidate and generalize the results. Before the effectiveness of locomotor training can be definitively evaluated, we must better understand the specific influences of the individual training parameters.
To initiate discussion between researchers and clinicians interested in the application of locomotor training for individuals with hemiparesis, we focused this review on the parameters of BWS, treadmill speed, support stiffness, and handrail hold, which exert important biomechanical effects on the gait pattern practiced by hemiparetic individuals. Other training parameters that merit systematic investigation include training frequency and duration and the use of manual assistance or robotic orthoses for guiding the movement pattern during the swing phase.
